We report on the discovery of a new correlation between global parameters of the hot interstellar gas in elliptical galaxies. We reanalyze archival Chandra data for 30 normal early-type systems, removing the contributions of resolved and unresolved point sources to reveal the X-ray morphology of the hot gas. We determine the halflight radius, , and the mean surface brightness, , from the gas surface brightness profiles. A spectral analysis R I X X determines the temperature, , of the gas within 3 optical effective radii. We find that the galaxies lie on an X-T X ray gas fundamental plane (XGFP) of the form . This is close to, but distinct from, a simple 0.28 0.22
INTRODUCTION
Elliptical galaxies lie on a two-dimensional locus, known as the fundamental plane (FP), in the space defined by the optical effective radius , optical surface brightness , and stellar R I e e velocity dispersion (Djorgovski & Davis 1987; Dressler et j 0 al. 1987 ). The FP is understood to be a consequence of the virial theorem, modified by stellar population variations and the structural nonhomology for systems of different luminosity (Trujillo et al. 2004 and references therein). FP-like scaling relations have been found for other types of systems as well, including galaxy clusters (Schaeffer et al. 1993) . Several authors have pointed out "cluster fundamental plane" relations involving either optical parameters alone (Adami et al. 1998) or mixtures of X-ray and optical parameters (Fritsch & Buchert 1999; Miller et al. 1999) . Because the baryonic mass in clusters is dominated by intracluster gas at temperatures տ1 keV, Xrays are a better tracer of ordinary matter than starlight. Fujita & Takahara (1999a) show the existence of a cluster FP purely in X-ray parameters (see also Annis 1994) , which they show can be consistent with simple spherical collapse (Fujita & Takahara 1999b ).
An "X-ray fundamental plane" for elliptical galaxies-actually a relation between stellar dispersion, X-ray luminosity, and halflight radius-has been suggested by Fukugita & Peebles (1999) . But in normal elliptical galaxies, 1 the mass of X-ray gas is typically only a few percent of the stellar mass (Bregman et al. 1992) . Much of the X-ray flux comes from low-mass X-ray binaries (LMXBs); if not accounted for, this guarantees a correlation between X-ray and optical luminosity. Normal elliptical galaxies are thought to lose most of their gas in supernova-driven winds (Ciotti et al. 1991) , and high-resolution observations using Chandra show that many appear disturbed, suggesting a redistribution of gas through shocks, nuclear activity, mergers, or interaction with the intergalactic medium (e.g., Finoguenov & Jones 2001; Jones et al. 2002; Machacek et al. 2005; Statler & McNamara 2002) . Thus, the visible hot gas is only a tenuous leftover of a complex hydrodynamical history and may be far from equilibrium.
Nonetheless, in this Letter, we report the discovery of a fundamental plane relation for the X-ray gas alone. We show that the X-ray gas fundamental plane (XGFP) is distinct frombut as tight as-the stellar fundamental plane (SFP). Unlike the SFP, the XGFP is not a simple consequence of the virial theorem. In fact, the XGFP is almost completely decoupled from the SFP and thus constitutes a new constraint on the evolution of normal elliptical galaxies.
DATA REDUCTION AND ANALYSIS

Chandra Archive Sample and Pipeline Reduction
We analyze a sample consisting of 56 E and E/S0 galaxies having nongrating ACIS-S exposures longer than 10 ks in the Chandra public archive. Brightest cluster galaxies and objects with emission dominated by active galactic nuclei are excluded. All observations are uniformly reprocessed using version 3.1 of the CIAO software and version 2.28 of the calibration database. Flares are removed by iteratively applying a 2.5 j threshold. For the quiescent background, intervals more than 20% above the mean count rate are excised, to match the blank-sky background fields. We restrict photon energies to the range 0.3-5 keV, which is further divided into soft (0.3-1.2 keV) and hard (1.2-5.0 keV) bands. Monoenergetic exposure maps are created in steps of seven pulseinvariant (PI) channels (∼100 eV). An image is extracted for each 14.6 eV-wide PI channel and divided by the energetically closest exposure map to create a photon-flux-calibrated "slice." The slices are summed to produce the calibrated photon-flux images. Full details of the analysis and results, along with data products, will be presented in future papers (S. Diehl & T. S. Statler 2005a Statler , 2005b , in preparation). Note.
- Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
Isolating the Gas Emission
Point sources are identified in each band by CIAO's wavdetect tool. Regions enclosing 95% of the source flux are removed, and the holes are filled with counts drawn from a Poisson distribution, whose pixel-by-pixel expectation value is determined by adaptive interpolation using the asmooth tool in the XMMSAS package. A uniform background is determined from fits to the radial surface brightness profile and subtracted.
To remove the contribution of unresolved point sources, we use the fact that the hot gas and LMXBs contribute differently to the soft and the hard bands. Let S and H represent the background-subtracted soft and hard images. We can express both in terms of the unresolved point-source emission P, the gas emission G, and their respective softness ratios g and d:
The uncontaminated gas image is then given by
Assuming that resolved and unresolved LMXBs share spatially independent spectral properties, we can use the resolved sources to determine the constant g. We take sources between 5Љ and from the center, excluding high-luminosity sources 5R e (1200 counts). For systems with 110 sources meeting these criteria, we fit an absorbed power-law model to the combined point-source spectrum, with the hydrogen column density fixed at the Galactic value for the line of sight. Integrating the model over the soft and hard bands yields g. For other galaxies, we exploit the universal nature of the LMXB spectrum (Irwin et al. 2003) . A simultaneous power-law fit to all low-luminosity ( ) point sources in our sample gives a 37 Ϫ1
L ≤ 5 # 10 ergs s X photon index of 1.603. This model is used to derive g for the source-poor galaxies. The coefficient d is determined similarly, from the fit of an APEC (Astrophysical Plasma Emission Database) thermal plasma model (Smith et al. 2001) to the hot gas emission (see § 2.3). This approach assumes isothermal gas throughout the galaxy. In case of a temperature gradient, one would have to account for the spatial dependence of d, but this approach is beyond the scope of this Letter.
Physical Parameters for the Gas
To produce a radial profile, we adaptively bin the gas image G into circular annuli. In 12 cases there is an insufficient signal to fit the spatial profile. We fit the remaining profiles with Sérsic models to derive X-ray half-light radii and mean enclosed R X surface brightnesses . 2 We discard 14 objects with larger I R X X than the size of the observed field. The final sample of 30 objects has B absolute magnitudes in the range .
Twenty-one are group members, and 14 are brightest group galaxies (Garcia 1993) . Eight of the 14, plus three additional objects, are central members of X-ray-bright groups in the Group Evolution Multiwavelength Study (GEMS; Osmond & Ponman 2004) . We find that up to 55% (typically 10%-30%) of the diffuse emission in the final sample comes from unresolved LMXBs.
The spectrum of the diffuse emission between 0.3 and 5 keV is extracted from a circular region in radius, excluding 3R e resolved point-source regions. We fit the spectrum using the Sherpa package, adopting a single-temperature APEC thermal plasma model for the hot gas and a power law for the unresolved LMXBs. The normalizations of both components, the gas temperature , and (in most cases) gas metallicity are T X allowed to vary. The redshift is set to the value given in the Lyon-Meudon Extragalactic Database (LEDA; Paturel et al. 1997) . For low signal-to-noise ratio spectra, the abundances are held fixed at the solar value. The photon index of the powerlaw component is determined by a simultaneous fit to the spectrum of the lowest luminosity resolved point sources ( § 2.2). Single-temperature APEC models are poor fits (reduced 2 x 1 ) to 12 objects. In these cases the temperature should be in-2 terpreted as an emission-weighted average. Excluding these galaxies from the sample does not change the results.
All errors are assumed to be Gaussian, described by a covariance matrix. Statistical errors on , , and are obtained R I T X X X from the fitted models. We adopt distances and errors obtained from surface brightness fluctuations (Tonry et al. 2001 ) where available; otherwise we use LEDA values 3 and assume errors of 15%. We adopt a 10% uncertainty in g from the galaxy-togalaxy scatter in the photon indices fitted to the composite point-source spectra and a 5% uncertainty in d from a comparison of values obtained from the spectral fits and from direct integration of gas-dominated spectra over the hard and soft bands. We measure the effect on and by repeating the R I X X spatial fits with altered values of g and d. Table 1 lists the base-10 logarithms of (kpc), (ergs s
), and (keV) for the final sample of 30 galaxies T X and the corresponding nonzero elements of the covariance matrix.
THE X-RAY GAS FUNDAMENTAL PLANE
The distribution of galaxies in the parameter space ( , log R X , ) is nearly planar. This is seen clearly in Figure 1 , log I log T X X which shows face-on and edge-on views of the XGFP. We determine the intrinsic distribution in this space by fitting a probability density in the form of a tilted slab with finite Gaussian width, taking correlated errors into account. We can express the XGFP in the form
X X X where a and b determine the orientation of the plane. The bestfit values are and (Fig. 2) . The formal onea p 0.28 b p 0.22 dimensional errors in a and b are 0.045 and 0.037, respectively, but as the figure shows, the errors are correlated. The intrinsic width of the XGFP is very small, with a value of 0.068 ‫ע‬ dex, which is identical to that of the SFP (Bernardi et 0.012 al. 2003) to within the errors. The fit is robust and not sensitive to the choice of model for the surface brightness profile. Excluding the brightest group galaxies or galaxies with bad singletemperature fits results in a-and b-values within the 68.3% confidence ellipse in Figure 2. 4. DISCUSSION 
Relation to Known Scaling Laws
If a and b obeyed the relation , the XGFP would be a p 2b equivalent to a simple luminosity-temperature relation of the form , indicated by the solid line in Figure 2 . The 2/a L ∝ T X, gas X model fit rules out a pure -relation at 199.7% confi-L T X, gas X dence. The -relation represents a nearly edge-on view L T X, gas X of the XGFP, analogous to the Faber-Jackson relation (Faber & Jackson 1976) for the SFP. As in the optical case, the XGFP accounts for much of the intrinsic scatter (0.091 dex) in the -relation. 4 For a given , galaxies with more extended L T T X, gas X X gas emission are more luminous than compact objects. The -relation most nearly consistent with the XGFP is L T X X given by (Fig. 2) . A naive principal component plete sample, and a steeper exponent of when they 5.9 ‫ע‬ 1.3 exclude galaxies with prominent temperature gradients. However, their X-ray luminosities include unresolved LMXBs, the removal of which would steepen the -relation.
L T
X X
A comparison can also be made with the -j relation for L X elliptical galaxies. Mahdavi & Geller (2001) 
and predict this relation to steepen to if
is restricted solely to the hot gas. Using the temperature-
which is consistent with the earlier result. Fujita & Takahara (1999a) obtain a result vaguely similar to ours for clusters of galaxies. They find an X-ray cluster FP connecting the core radius, central density, and mean cluster temperature. Assuming a constant value of for their 2 b p 3 surface brightness profile fits, we can translate their cluster FP to our parameters, finding . Their relation is sig-0.57 0.32
nificantly inclined to our XGFP and is close to the relation . However, the cluster FP deviates from a pure L-T 3 L ∝ T relation in a manner similar to that of the XGFP. Fukugita & Peebles (1999) suggest a galaxy fundamental plane with mixed X-ray and optical parameters, , , and L R X X
. Their sample consists of 11 galaxies with ROSAT, Einstein, 2 j or ASCA observations. We do not reproduce their result with our larger Chandra sample. The reason for this discrepancy may be that their X-ray luminosities are not corrected for light outside the field of view or for the contribution of point sources.
Independence of the XGFP and the SFP
The virial theorem connects a system's total mass M with its characteristic radius and dispersion . This relation R j
M M
produces an observable SFP because mass maps to luminosity by way of the mass-to-light ratio, and the stellar and j are R e surrogates for and . For the XGFP to be another mani-
festation of the virial theorem, one would require similar mappings from mass parameters into X-ray observables. One example is hydrostatic equilibrium, which links and for a R T X X given potential. Others might connect gas mass to total mass or to a measure of gas retainability such as . However, 2 j /T X these relations would be identifiable in correlations between optical and X-ray parameters. Only the known -j relation T X (e.g., O'Sullivan et al. 2003 ) and an additional, very weak -relation are supported by the data. X-ray gas masses are T R T j X a decoupled XGFP and SFP at a level that can be resolved with a 25-object sample. The data are thus consistent with the XGFP and SFP being almost completely independent. The XGFP cannot be understood as a simple consequence of the virial theorem or hydrostatic equilibrium. Instead, the XGFP represents a new constraint on the hydrodynamic evolution of elliptical galaxies.
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